This paper uses finite element design for optimization of piezoresistive silicon covered SiO 2 microbridges. Resistance changes of the microbridge due to the surface stress changes were systematically investigated by varying Si piezoresistor geometries and the boron doping concentrations in silicon. Our simulation results show that the resistance change of the microbridge is directly related to the arcuation of the microbridges and a better R/R response can be obtained with a thinner and narrower silicon piezoresistor. However, the S/N ratio was not significantly affected by the SiO 2 dimensions. A fabrication process of silicon covered SiO 2 microbridges is also reported.
Introduction
Advances in the field of micro/nano-electro-mechanical systems (MEMS and NEMS) now offer unique opportunities in the design of small and ultrasensitive micro sensors. Microcantilevers have been proven to be an outstanding platform for chemical and biological sensors. The unique characteristic of microcantilevers is that the device can be made to undergo bending due to molecular adsorption by confining the adsorption to one side of the cantilever. This bending is due to adsorption-induced differential stress on the cantilever. The challenge associated with the microcantilever is the stability of cantilever when the device is applied on a mobile vehicle or a moving object. It appears that a microbridge device will overcome the stability challenge associated with microcantilevers. A microbridge can be considered as the head-to-head fusion of two cantilevers and the middle of the bridge would deform in a similar way as the cantilevers (figure 1). It is anticipated that this microbridge sensing device will be more stable than microcantilevers, especially under turbulent or vibrant conditions. The trade-off might be the low R/R change of the microbridge compared to that of the microcantilevers.
Microbridges based on the principle of electrostatic excitation and capacitive detection have been used as an integrated chemical vapour sensor for sensing gas composition of binary mixture [1] [2] [3] [4] [5] . Various transduction mechanisms have been developed to detect the resonance frequency changes of microbridges. These mechanisms include the piezoresistive approach based on polysilicon piezoresistors [5] [6] [7] [8] [9] [10] , the piezoelectric approach with piezoelectric (PZT) materials such as ZnO [11] [12] [13] and the optical approach using laser light to measure the frequency change or displacement movement [14] [15] [16] . These microbridges are sensitive transducers that provide the basis for mass [17] [18] [19] , temperature [20, 21] , strain [22] , acceleration [23] and vibration sensors [24] .
Microbridges have been fabricated from Si [6, 8, 10, 18, [25] [26] [27] , silicon carbide [28, 29] , silicon nitride [30] , metals [31, 32] , metal composites [33] and polymers [34, 35] . Resonant microbridge sensors made of polysilicon have been simulated and fabricated using typical micromachining techniques and integrated with on-chip electronics using the CMOS method [16, [36] [37] [38] .
Most of these devices took advantage of the fact that the resonance frequency of microbridge and nanobridge structures was in the ultrasonic and MHz range, as compared to the kHz range of microcantilevers [39, 40] . Few papers have used the arcuation of the microbridge for developing chem/biosensors although the arcuation of microbridges has been used for testing Young's modulus and residual stress of thin bilayer films [41] . We expected that materials with smaller Young's modulus would be appropriate for developing chem/biosensors based on the arcuation of microbridge sensors due to the adsorption-induced surface stress changes. Among those materials with really small Young's modulus, we are especially interested in SiO 2 , whose Young's modulus is 76.5-97.2 GPa, which is half that of silicon. One of our considerations is that a SiO 2 microbridge can be readily fabricated by using a traditional photolithographic process; furthermore, such a SiO 2 microbridge may be extremely useful in the detection of HF and nerve agents according to our previous study on SiO 2 microcantilevers [42] .
Different methods can be used to measure the arcuation of the microbridge induced by surfaces stress changes. It is our perception that the piezoresistive microbridge will be most suited for developing a hand-held sensor device. In this work, we report the simulation and fabrication of SiO 2 microbridges with piezoresistive silicon on the microbridge.
There have been several reports on the simulation and design of resonant microbridges [13, 42, 43] , but no work has been done on the simulation of piezoresistive microbridge and silicon dioxide based microbridges. This paper uses a popular finite element analysis approach to simulate the geometrical parameters for SiO 2 microbridges. A thin layer of boron-doped Si on the SiO 2 surface was used as the piezoresistive material. A finite element model was developed to analyse the electrical and mechanical responses of piezoresistor cantilevers by using CoventorWare (Coventer Inc., Cary, NC). The fabrication process of a silicon covered SiO 2 microbridge is reported.
The finite element model
We used popular p-type boron-doped silicon piezoresistors for the simulation in this work. The finite element analysis is performed using a specially designed piezoresistive solver of the CoventerWare software. The mesh model of a SiO 2 /Sibased piezoresistive microbridge was constructed based on the schematic design shown in figure 2 .
The arcuation change of a microbridge is illustrated in figure 1 . Figure 1 also illustrates the boundary conditions when surface stresses are applied on the microbridge. The arcuation due to surface stress is modelled using a MemMech solver that is coupled to the piezoresistive solver for simulating the sensor response of arcuation-based piezoresistive microbridges. In order to obtain the numerical solution for piezoresistive effect, the solver uses the Ohms law in the stress-free state as follows:
where E i and i i are the electric field and current density, respectively, parallel to the x i crystallographic axis and ρ 0 is the stress-free resistivity. It was previously reported [44] that the application of differential surface stress onto a rectangular plate was equivalent to loading of the free edges by moments per unit length of magnitude σ/2. When applying for boundary conditions for the meshed model, the above result was taken into consideration. The application of surface stress causes the microbridge resistivity to change. The change in resistivity is related to the stress tensor through the empirically determined piezoresistive coefficient. For the silicon material, there are three independent piezoresistive coefficients π 11 , π 12 and π 44 , where the subscripts physically represent the electric field, current density and stress along the three crystallographic directions for cubic crystal silicon. The properties of materials used in this work are listed in table 1 [45] .
In the simulation, the two ends of the bridge were fixed, the mesh sizes in the x, y, z-directions were 2 µm, 2 µm and 0.2 µm, respectively, which assures the error to be within 0.01%. A 2 N m −1 surface stress and a 300 K temperature were applied to the microbridge for simulation.
Results and discussion
In the simulation, the surface stress is applied on the top surface of the microbridge as shown in figure 1 . The boundary conditions include a surface stress of 2 N m −1 and a temperature of 300 K. A 2 N m −1 surface stress was used in this study because the surface stress changes at this level have been observed in many chem/biosensors.
The effect of the thickness of the piezoresistor on the microbridge arcuation and fractional change in the resistance of the microbridge ( R/R)
When the Si piezoresistor thickness decreases, the physical consequence of a thin piezoresistor is the confinement of charge carriers in the direction perpendicular to the bridge surface. From our simulation we observed that decreases in piezoresistor thickness cause increases in the fractional change in the resistance of the microbridge ( R/R). Figure 3(a) shows that a decrease in thickness from 2 µm to 0.2 µm causes approximately a 16-fold increase in the R/R response. Variations were observed at various widths of the silicon piezoresistor. A decrease in widths from 10 µm to 2 µm caused the R/R response to increase by 25% to 300% depending on the thickness of the piezoresistors. The thickness of the piezoresistor has a more significant effect on the sensor signals than that of the width. When the silicon is as thin as 0.2 µm, the R/R is not affected much by the width of the silicon piezoresistor.
The arcuation variation of the piezoresistive microbridge as a function of the width and thickness of the microbridge has a very similar profile as shown in figure 3(b) . The R/R change as a function of the arcuation variation is shown in figure 3(c) . These results indicated that the resistance change of the bridge under surface stress is near directly proportional to the arcuation change, especially when the arcuation was larger than 0.3 µm. The significant R/R signal for thinner and narrower piezoresistors covered microbridges may be mainly due to the greater arcuation of those microbridges.
It has been reported that the R/R change is directly proportional to the microcantilever bending [46] . Our simulation results suggest that a similar relationship could be used to correlate the R/R change with the arcuation of microbridges although no equations have been developed in the literature. The R/R keeps increasing when the thickness decreases. The optimized thickness for chem/bio sensing, however, will be obtained from a noise optimization. Piezoresistive sensors have two main possible noise sources, thermal and Hooge noise, which are generated from temperature and voltage variations, respectively [47] . Larger noise will lower the signal/noise (S/N) ratio, and thus the sensitivity. The S/N ratio under temperature and voltage variations could be used to optimize the thickness of piezoresistive microbridges. Figure 4 (a) shows that a 100% voltage variation does not change the R/R of the microbridge. However, a 0.3% temperature variation ( figure 4(b) ) generates significant noise, especially when the Si piezoresistor is thinner than 1 µm.
The inset of figure 4(b) shows the resistance change noise due to the 0.3% temperature variation (defined as R/R 300 K − R/R 299 K ). The thermal noise of the resistors increased approximately five-fold when the thickness decreases from 2 µm to 0.2 µm. From the data in figure 4(b) and the inset, the S/N ratios of the microbridges at different thicknesses were calculated and shown in figure 5 . These results suggest that although the R/R of the microbridge increases when the thickness decreases, the S/N ratio does not change significantly from 2 mm to 0.2 mm thickness, i.e. when the temperature variation is controlled at 1 K, the thickness of the Si piezoresistor does not play a critical role in obtaining the best S/N ratio.
We also simulated the microcantilevers with the same dimensions, the R/R change of the microbridge is approximately 1/3 of that of the microcantilever and the microbridge is approximately 50% more temperature dependent than microcantilevers. silicon is a constant at 72 × 10 −11 m 2 N −1 [48] . Numerous reports showed that when the doping concentration is increased, the piezoresistive coefficient π l is decreased [47] . The model developed by Kanda [49] is accurate only for low doping concentrations. A piezoresistive factor P (p) was defined to express the coefficients as a fraction of this maximum value by the approximate equation (1) for concentrations above 10 17 cm −3 :
The effect of the doping concentration of the piezoresistor on the R/R changes
where a = 0.2014, b = 1.53 × 10 22 cm −3 and p is the doping concentration.
The piezoresistive factor P (p) is directly related to π l by equation (2) [50] : surface stress is applied on the surface of a SiO 2 microbridge. The boron doping concentrations were from 1 × 10 16 to 5 × 10 19 cm −3 . The dimensions of the SiO 2 microbridge were 400 µm in length, 50 µm in width and 1 µm in thickness. The piezoresistors were 400 µm in length, 2 µm in width and 2 µm in thickness.
where π l is the longitudinal coefficient. It can be expressed in terms of the coefficients π 11 , π 12 and π 44 as follows:
The above logarithmic equation predicts that π l decreases 9.7% when the doping concentration is increased from 10 17 cm −3 to 5 × 10 17 cm −3 , 22.2% when the concentration is increased from 5 × 10 17 cm −3 to 5 × 10 18 cm −3 and 28.7% when the concentration is increased from 5 × 10 18 cm −3 to 5 × 10 19 cm −3 . Since π l is directly related to the R/R from equation (4 
where σ l is the residual stress along the x-direction of microbridge. It is expected that the R/R change will be affected by the changes of doping concentrations. The profiles of R/R versus doping concentration (figure 6) were similar, confirming a good agreement with the theoretical predictions. A relatively lower doping concentration (1 × 10 17 cm −3
) will be used in our fabrication in order to obtain a higher R/R response.
Fabrication of a SiO 2 microbridge with Si piezoresistors
We fabricated a microbridge with a commercially available SOI wafer ( figure 7(a) ). The dimensions of the designed microbridge were 400 µm in length, 50 µm in width and 1 µm in thickness. The dimensions of the silicon piezoresistor on the bridge were 400 µm in length, 10 µm in width and 2 µm in width.
The designed fabrication process has four steps: first, pattern the piezoresistor on the top Si of the SOI wafer by photolithography and dry plasma etching; second, pattern the bridge beam on the buried SiO 2 layer by the second photolithography process and buffered oxide etching (BOE); third, pattern the electrode on the SiO 2 surface by the metallization and the 'lift-off' method; fourth, release the bridge from bulk silicon by dry plasma etching. The fabrication process of the piezoresistive silicon on SiO 2 microbridge is illustrated in figure 7 . Shipley 1813 positive tone photoresist was spun on the surface of the SOI wafer. A piezoresistor pattern was transferred to the photoresist layer on the front side of the wafer by the standard photolithography process and then the Si piezoresistor was formed by inductive coupled plasma (ICP) etching. The photoresist was then cleaned by acetone and DI wafer ( figure 7(b) ). A layer of 1813 photoresist was spun on the surface of the buried oxide layer of the SOI wafer. The microbridge beam pattern was transferred to the photoresist layer and then the SiO 2 beams were formed by etching with buffered oxidation etchant (BOE HF:HNO 3 = 1:6). The photoresist was then cleaned by acetone and DI water ( figure 7(c) ).
Next, an advanced LOR photoresist lift-off processing was employed for electrode pad fabrication. Firstly, a layer of LOR 7B photoresist was spin coated on the wafer, followed by a layer of 1813 photoresist. The contact electrode pattern appeared on the blanket space of the wafer. Because LOR B series has relatively high dissolution rates, undercutting appeared and the lift-off underwent readily. A thin film of gold was deposited by sputtering. Ultrasonic was used to remove the photoresist, leaving the gold pad on SiO 2 ( figure 7(d) ). Finally, a 20 µm thick photoresist AZ9260 was spun on the backside of the wafer and followed with a typical photolithography pattern process. The thick photoresist pattern served as a mask for deep silicon plasma etching. Si was etched off by the inductive coupling plasma (ICP) process to release microbridge beams from bulk silicon ( figure 7(e) ). The removal of bulk silicon was through backside ICP etching. During ICP etching, the wafer was checked frequently to see whether the desired etching thickness is reached. Either the piezoresistor or the metallization would be damaged during the etching. The SEM picture of a fabricated microbridge is shown in figure 8 .
We investigated the detection of Hg 2+ based on the microbridge platform for sensor validation. In our preliminary verification experiments, we coated a thin layer of polystyrene on the Si side of the microbridge to prevent the Si resistor and gold pads from exposure to solutions. The other side of the SiO 2 microbridge was coated with a thin layer of gold that will react with Hg 2+ in the solution. We have reported that an equivalent of 2 N m −1 surface stress will be generated on a gold surface after a gold surface was exposed to a 10 −6 M Hg 2+ solution for 20 min [51] . A gold-coated microbridge was initially exposed to a solution containing 1 × 10 −6 M HNO 3 and the microbridge was equilibrated until a stable baseline was obtained. Figure 9 shows that, when the solution was replaced by a 10 −6 M solution of Hg 2+ in 1 × 10 −6 M HNO 3 , the resistance of the piezoresistive microbridges changed from 2.245 34 M to 2.245 56 M after 20 min, i.e. the R/R change of the microbridge was 9.8 × 10 −5 . This result matches very well R/R = 1.2 × 10 −4 obtained from the simulation results for a microbridge with the same dimensions ( figure 3(a) ).
Conclusion
Finite elements analysis was used to study the performance of Si covered SiO 2 microbridges for sensing applications. Various parameters such as thickness, width and the doping concentration of the Si were investigated. The results showed that although the R/R of the microbridges increases when the thickness decreases, the S/N ratio does not change significantly from 2 mm to 0.2 mm thickness. The piezoresistive microbridges were fabricated and the results were validated so that these microbridges can be used for developing chemical sensors.
